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Abstract: Genetic medicine is one of the key components of personalized medicine, but adoption
in clinical practice is still limited. To understand potential barriers and provider attitudes, we
surveyed 285 physicians from five Implementing GeNomics In pracTicE (IGNITE) sites about their
perceptions as to the clinical utility of genetic data as well as their preparedness to integrate it into
practice. These responses were also analyzed in comparison to the type of study occurring at the
physicians’ institution (pharmacogenetics versus disease genetics). The majority believed that genetic
testing is clinically useful; however, only a third believed that they had obtained adequate training
to care for genetically “high-risk” patients. Physicians involved in pharmacogenetics initiatives
were more favorable towards genetic testing applications; they found it to be clinically useful and
felt more prepared and confident in their abilities to adopt it into their practice in comparison to
those participating in disease genetics initiatives. These results suggest that investigators should
explore which attributes of clinical pharmacogenetics (such as the use of simplified genetics-guided
recommendations) can be implemented to improve attitudes and preparedness to implement disease
genetics in care. Most physicians felt unprepared to use genetic information in their practice;
accordingly, major steps should be taken to develop effective clinical tools and training strategies
for physicians.
Keywords: genetic medicine; pharmacogenetics; chronic disease; genetic testing; physician attitudes;
barriers; clinical implementation; clinical utility; physician education
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1. Introduction
Genetic medicine applications in clinical care have been stimulated by an increasing knowledge
of the influence of genetic variation on human health as well as the rapid and scalable advances in
technologies that interrogate genetic variants [1]. The promise of genomic medicine is to optimize the
diagnostic, risk prediction, as well as prevention and treatment decision-making processes in clinical
care. There is an ever-expanding ability to diagnose and/or to predict disease using genetic information
for both classic “Mendelian” conditions, such as cystic fibrosis, and for common diseases with varying
degrees of hereditary genetic etiology, such as cancer, cardiovascular disease, and diabetes [1–4].
In addition, to date, over 200 (i.e., 10%) of all Food and Drug Administration (FDA)-approved
medications contain pharmacogenetic (PGx) information in the label [5]. Many of these drug–gene
interactions are clinically “actionable”, meaning they merit inclusion in the clinical decision-making
process. The growing number of Clinical Pharmacogenetics Implementation Consortium (CPIC)
guidelines [6] and those from other pharmacogenetics guideline-writing groups [7–12] is a testament
to the expanding robust evidence demonstrating the value of adding genetic information to the clinical
decision-making process.
Despite enthusiasm about the potential for genomics to improve patient care, barriers to
widespread adoption in clinical practice exist. Scientific, educational, ethical, legal and social issues,
information technology, and reimbursement challenges have all been identified as potential barriers
preventing healthcare providers from effectively adopting genomic medicine [13]. Genomic medicine
is increasingly expanding beyond the purview of genetic counselors and genetic medicine specialists.
Not only are there a limited number of these experts [14,15], genetic testing for disease risk and
appropriate medication use are increasingly seen as part of general medical care by primary care
providers and medical specialists. However, these providers have had limited genetics training and
may be unprepared to help their patients decide whether genetic testing is needed, which test(s) to
order, how to interpret the results, and apply said results to improve patient care and outcomes [16].
The National Institutes of Health (NIH) funded six projects and a coordinating center to comprise
the IGNITE (Implementing GeNomics In pracTicE; www.ignite-genomics.org) Network. The objectives
of the network are to develop, explore, and disseminate practice models and tools to facilitate seamless
integration of genomic medicine into practice [17]. The IGNITE network covers a wide range of
genomic medicine implementation studies in diverse clinical settings. Three of the six sites are
conducting clinical pharmacogenetics (PGx) implementation studies. Of the remaining three sites,
one is studying extensive family history testing, one chronic kidney disease genetics risk prediction, and
one identifies individuals with highly penetrant genetic or monogenic subtypes of diabetes mellitus.
The diversity in projects and sites presents an important opportunity to investigate genomic medicine
adoption barriers among non-genetic specialists and to specifically compare provider attitudes and
barriers among the different types of genetic testing (pharmacogenetics vs. disease-risk prediction
or diagnostic refinement) as well as barriers based on provider-specific characteristics (i.e., years of
practice experience, gender, and race/ethnicity). This may provide important insight into the types of
barriers that must be overcome to ensure the success of genomic medicine in diverse clinical settings.
Therefore, we assessed physician attitudes toward genomic medicine adoption across the IGNITE
network to identify barriers to genomic medicine adoption among diverse clinical settings.
2. Methods
IGNITE’s Common Measures Workgroup developed 14 constructs of effective genomic medicine
implementation based on the Consolidated Framework for Implementation Research. This framework
guides systematic assessment of multilevel implementation contexts to identify factors that influence
intervention implementation and effectiveness [18,19]. We designed survey items based on medical
literature [20–23] using these constructs as well as queries for provider and site characteristics.
The survey instrument was tested on a small group of physicians and investigators at the various
participating sites and revised accordingly based on feedback from the testers. No further psychometric
J. Pers. Med. 2018, 8, 24 3 of 13
assessment was conducted. All but one IGNITE site incorporated all or a subset of these survey items
into their project-specific provider surveys. Depending on the project design at each site, the survey
was either administered in person or electronically between 2014 and 2016. Study investigators
recruited physicians for the surveys at regularly scheduled committee or other meetings, grand rounds
or other educational presentations, or via emails with a link to the survey, with specific recruitment
methods varying among sites. We tailored generic questions to the projects without losing the theme
and intent of the question. For example, the question “I am confident in my ability to use the results
of a pharmacogenetic test” was revised at the monogenic diabetes site to read “I am confident in my
ability to use the results of monogenic diabetes genetic testing” as shown in Table 1.
Table 1. Survey tools administered at the Implementing GeNomics In pracTicE (IGNITE) sites for
this study.
Pharmacogenetics
Disease Genetics
Chronic Kidney Disease Monogenic Diabetes
Clinical
Usefulness
I believe that pharmacogenetic testing is
relevant to my current clinical practice.
Genetic testing for risk for common
diseases offers information that is
clinically useful.
I believe that monogenic diabetes
genetic testing is relevant to my
current clinical practice.
Pharmacogenetic data will improve my
ability to care for patients.
Having access to APOL1 genetic risk
information during patient care will
significantly improve my ability to
care for patients.
Having access to monogenic diabetes
genetic testing will improve my
ability to care for patients.
Training and
Preparedness
My training has prepared me to treat
patients whose family history/genetics
place them at high risk for medical
conditions.
My training has prepared me to work
with patients at high risk for genetic
conditions.
My training has prepared me to treat
patients whose family
history/genetics place them at high
risk for monogenic diabetes.
I am confident in my ability to use the
results of a pharmacogenetic test.
I am confident in my ability to use the
results of an APOL1 genetic test.
I am confident in my ability to use the
results of monogenic diabetes genetic
testing.
Awareness of
resources
I can find/use reliable sources of the
information I need to apply
pharmacogenetics while caring
for patients.
I can find/use reliable sources of the
information I need to understand and
communicate APOL1 genetic risk
while caring for patients.
I can find/use reliable sources of the
information I need to apply
monogenic diabetes genetic testing
while caring for patients.
3. Data Analysis
The majority (65%) of the respondents from one chronic disease site were medical residents.
However, there were only three medical resident responses from all three pharmacogenetics sites
combined. A recent study from the chronic disease site with the majority of resident responses
found that medical residents’ opinions on genomic medicine were significantly different from that
of attendings, who were excluded from this study. We used descriptive analyses for provider
demographics, means, and standard deviations for continuous variables as well as frequencies and
proportions for categorical variables. Bivariate analyses of t-test or fisher’s exact test and χ2 tests
for continuous and categorical variables respectively were conducted to compare by project type,
clinical setting, gender, years in practice, gender, and ethnicity/race. Multivariate logistic regression
models were run to assess significantly different opinions expressed by different providers by adjusting
potential demographic confounders. All analyses were done using SAS 9.4 software (SAS Inc., Cary,
NC, USA). Statistical significance was set at the 0.05 level.
4. Results
4.1. Demographics
The 285 physicians from five institutions who completed the survey were from two disease
genetics projects (73%) and the three PGx implementation projects (27%). All respondents were directly
involved in the care of patients enrolled in the IGNITE-funded project at the various institutions,
but few (<1%) of the respondents were study investigators. Of the 285 respondents, 51% practiced
in an academic setting and 49% in a community setting. The Institutional Review Board (IRB) at
one study site did not allow collection of physician demographics, thus we are missing 47 (61%) of
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the pharmacogenetics physicians’ gender and race. Of the available demographics, about half (49%)
were males, 47% White, 21% Asian, 8% Black, 4% Hispanic Latino, and 19% did not report their
race/ethnicity (Table 2).
4.2. Site Characteristics
All sites included physicians from outpatient clinics; three had inpatient physicians, and two
engaged emergency room physicians. Additionally, four sites recruited physicians in academic settings,
and all five sites had responses from community physicians.
4.3. Physicians’ Perception of the Clinical Usefulness of Genetic Testing
Two thirds of physicians agreed that genetic or PGx testing is relevant to their clinical practice and
one third believed that having access to genetic risk information during patient care would significantly
improve their ability to care for their patients (Table 3).
4.4. Physician Training and Preparedness to Use Genetic Testing
Only one third of respondents agreed that their training prepared them to work with “genetically
high-risk” patients, and even fewer (15%) felt confident in their ability to use genetic results in practice.
Physician awareness of resources: Only about one fourth (23%) of physician respondents agreed
they could find and use reliable sources of information to understand and communicate genetic risk in
the care of their patients.
4.5. Comparison of Pharmacogenetics and Disease Genetic Testing Sites
Physicians from the pharmacogenetics sites were significantly different from those surveyed
from the disease genetics sites in regards to their practice settings and their years in practice.
The pharmacogenetics sites’ respondents were mostly community practitioners, whereas the majority
at the disease genetics sites were academic physicians, p < 0.0001 (Table 2). Moreover, the physicians
surveyed at the pharmacogenetics sites had mostly (79%) practiced for five or less years in comparison
to 69% of physicians from disease genetics sites, who had more than five years of practice experience,
p < 0.0001 (Table 2). We are unable to comment on differences between the groups in regards to gender
or race due to significant missing data. Comparisons of physician opinion by available demographics
are presented in Table 2.
Table 2. Demographics of the survey participants.
All Respondents Disease Genetics Sites Pharmacogenetics Sites p-Value
Gender n = 285 n = 208 n = 77 <0.0001
Male 139 (49%) 126 (61%) 13 (17%)
Female 92 (32%) 75 (36%) 17 (22%)
Unreported 54 (19%) 7 (3%) 47 (61%)
Practice Setting <0.0001
Academic 145 (51%) 121 (58%) 24 (31%)
Community 140 (49%) 87 (42%) 53 (69%)
Race <0.0001
White 135 (47%) 125 (60%) 10 (13%)
Black 24 (8%) 17 (8%) 7 (9%)
Asian 59 (21%) 48 (23%) 11 (14%)
Hispanic 12 (4%) 10 (5%) 2 (3%)
Other/Unreported 55 (19%) 8 (4%) 47 (61%)
Years in Practice <0.0001
0–5 years 124 (44%) 63 (30%) 61 (79%)
>5 years 160 (56%) 144 (69%) 16 (21%)
Unreported 1 (0.4%) 1 (0.5%) 0
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Physicians at the PGx sites were more likely than physicians at the disease genetics sites to
perceive genetic testing as clinically useful (77% vs. 64%, p = 0.04) and to believe that having access
to genetic risk information would improve their ability to care for patients (70% vs. 21%, p < 0.0001).
More physicians participating in PGx practice stated that they felt prepared to incorporate genetics into
their practice (58% vs. 22%, p < 0.0001), and were more aware of relevant practice resources (32% vs.
19%, p = 0.01) in comparison to those physicians focusing on disease genetics (Table 3). Although only
15% of all respondents felt confident in using genetic test results, pharmacogenetics site physicians
were more likely to be confident (30% vs. 10%, p < 0.0001).
4.6. Years of Practice
Physicians with five or less years in practice were more likely than those who had practiced for
more than five years to report that their training had prepared them to care for genetically “high-risk”
patients (41% vs. 25%, p = 0.006).
Multivariable logistic regression models (Table 4) showed that physicians at PGx sites were more
likely (Odds Ratio (OR) = 12.4, 95% Confidence Interval (CI): 5.9–26.0) than physicians from disease
genetic sites to agree that having access to genetic testing data would improve their patient care after
adjusting for practice setting and years of practice. Although models predicting clinical usefulness
and ability to find reliable information were poorly fit, physicians from PGx sites were more likely
to agree with these statements than physicians from disease genetic sites. Race and gender were not
included in this multivariable logistic regression analysis due to missing data from the majority of the
respondents at the PGx sites.
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Table 3. Physicians attitudes and perceptions towards genomic medicine implementation.
% Project Type Site Type Years in Practice
n = 285 n = 77 n = 208 n = 145 n = 140 n = 124 n = 160
Overall PGx Disease Genetics Academic Non-Academic ≤5 years >5 years
Clinical
Usefulness
Genetic testing for risk of common diseases offers
information that is clinically useful/I believe that PGx
testing data is relevant to my current clinical practice.
67 77 64 * 63 71 72 64
Having access to genetic risk information during patient
care will significantly improve my ability to care for
patients/ PGx data will improve my ability to care
for patients.
35 70 21 *** 32 38 41 ** 30
Training and
Preparedness
My training has prepared me to work with patients at
high risk for genetic conditions. 31 58 22 *** 24 * 38 41 ** 25
I am confident in my ability to use the results of a
genetic test. 15 30 10 *** 10 * 19 16 14
Awareness of
resources
I can find/use reliable sources of the information I need
to understand and communicate genetic risk while caring
for patients/PGx genetic risk while caring for patient.
23 32 19 * 23 22 24 21
* p = 0.01–0.04; ** p = 0.001–0.007; *** p < 0.0001.
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Table 4. Multivariable logistic regression models predicting physician agreement to the following statements.
Genetic Testing for Risk of Common Diseases Offers Information That Is Clinically Useful/I Believe that PGx Testing Data Is Relevant to My Current Clinical Practice.
Odds Ratios
95% Wald
Confidence Limits
PGx vs. Disease Genetics 1.635 0.841 3.176
Practice setting: Academic vs. Non-academic 0.763 0.447 1.305
Practice: 0–5 years vs. >5 years 1.143 0.638 2.046
Wald = 5.466, df = 3, p = 0.1607; c = 0.602
Having access to genetic risk information during patient care will significantly improve my ability to care for patients/PGx data will improve my ability to care for patients.
Odds Ratios
95% Wald
Confidence Limits
PGx vs. Disease Genetics 12.42 5.929 26.017
Practice setting: Academic vs. Non-academic 1.06 0.58 1.938
Practice: 0–5 years vs. >5 years 0.526 0.258 1.073
Wald = 51.0872, df = 3, p < 0.0001; c = 0.74
I can find/use reliable sources of the information I need to understand and communicate genetic risk while caring for patients/PGx genetic risk while caring for patient.
Odds Ratios
95% Wald
Confidence Limits
PGx vs. Disease Genetics 2.461 1.237 4.897
Practice setting: Academic vs. Non-academic 1.243 0.67 2.307
Practice: 0–5 years vs. >5 years 0.854 0.433 1.686
Wald = 7.1101, df = 3, p = 0.0685; c = 0.592
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5. Discussion
Personalized medicine is rapidly gaining ground, especially in the United States, where multiple
government- and privately funded consortia are developing tools, methodologies, and best practices for
effective dissemination and implementation across diverse populations and clinical settings [17,24–26].
Clinical providers have been identified as a key stakeholder group required to drive the successful
adoption of genomic medicine into practice. As such, their perceptions, attitudes, and preparedness
to deal with genetic test results in practice should be well characterized, with needs identified and
addressed to ensure successful adoption [27].
Studies have repeatedly reported that physicians perceive they lack the knowledge and skillsets to
implement genomic medicine in their practices; despite this, physicians consider genetic information to
be relevant [28–31]. This finding was confirmed in the present study. Overall, many of the respondents
in this study perceived that their medical training did not prepare them for clinical adoption of genomic
medicine, were not confident in using this information, and were unable to locate or effectively use
additional resources for genetic tests. Owing to the field of genetics and genomics’ successes, such as
the completion of the Human Genome Project among others, it is widely accepted that the incorporation
of genetics content into formal medical school curricula is imperative to equip future physicians to
provide optimal patient care [32]. As the majority of medical schools have included some basic genetics
content in their preclinical courses [33] for decades and providers still feel unprepared, this education
does not appear to be sufficient for medical practice in this era of personalized medicine. Studies
have consistently demonstrated that practicing physicians perceive that they lack the knowledge
or confidence to care for genetically “high-risk” patients [29,30,34]. A subset of medical schools
have developed advanced or genomics-focused tracks for their students, and some continue genetics
instruction into the clinical years; however, the lack of knowledgeable clinical preceptors may be a
challenge for programs adopting this approach [25].
Our study revealed significant differences in physicians’ attitudes and perceptions based upon the
type of genetic testing they used clinically (i.e., physicians conducting pharmacogenetic tests versus
those using genetic tests to predict disease risk or refine diagnosis). Physicians from sites implementing
pharmacogenetic testing had more positive attitudes towards genetic testing, were more prepared
and confident in their abilities, and reported a higher awareness of additional resources for genetic
testing in comparison to those physicians implementing disease genetics testing. To the best of our
knowledge, this is the first multi-site provider attitudes survey which compares physician responses
between sites either in the process of clinically implementing or introducing via clinical research
pharmacogenetics or disease genetics. Notably, however, the diseases studied (susceptibility to chronic
kidney disease and diagnosis for monogenic diabetes) were diverse within this group. Although
physicians with fewer practice years have been shown to be more supportive of the clinical utility of
genetic medicine [35], and the physicians at the pharmacogenetics sites in the current study are more
likely to support the clinical utility of genetic medicine, our multivariate analyses showed that, even
after controlling for years in practice, PGx providers retained more positive attitudes (Table 4). Thus, it
will be important to identify other factors inherent in clinical implementation of PGx testing, such as the
easily accessible, peer-reviewed CPIC guidelines as well as the availability of alternative therapies and
sample implementation tools, such as clinical decision support templates available on www.cdskb.org
and “how-to” guides developed by the IGNITE network (www.ignite-genomics.org). In all, the
study results demonstrate that physicians’ perceptions and readiness for testing are significantly more
favorable towards the clinical use of pharmacogenetic testing as compared with genetic testing for
chronic disease.
Study findings support the validity of longstanding predictions that pharmacogenetic testing
would be more readily adopted in the clinical environment if certain conditions were met, including,
a high proportion of the population is affected, the availability of discrete and actionable examples
with robust evidence and clinical guidelines, the established benefits of testing in select populations,
the potential for testing to improve patient safety, and the low likelihood of stigmatization and
J. Pers. Med. 2018, 8, 24 9 of 13
psychological stress associated with pharmacogenetic testing [6,36,37]. Additional clinical resources,
such as the inclusion of pharmacogenetic information in FDA labeling for hundreds of medications [38],
the creation of the pharmacogenomics knowledgebase (PharmGKB; https://www.pharmgkb.org) [39],
and the NIH-funded consortia efforts focused on developing tools and dissemination strategies for
pharmacogenetics [17,40,41] have helped to advance this field. A future area for investigation includes
the role of clinical decision support provided in influencing the confidence of the provider.
Results of the current study also suggest that recent medical graduates may be more likely to
be ready to use and feel comfortable with genetic testing in practice. Physicians with five or less
years of medical practice experience favored genetic testing and were more prepared and confident
in their abilities to incorporate genetic information in the clinical decision-making process than their
senior colleagues. Selkirk et al.’s single academic center survey of physicians on their preparedness
for integration of genomic medicine into practice [42] demonstrated that those with prior experience
with genetic testing for pharmacogenetics and common disease had a statistically higher mean level
of understanding of genetics in comparison with those without prior experience [42]. Nonetheless,
the authors did not evaluate the genetics knowledge differences between those with prior experience
with disease genetics versus prior pharmacogenetics testing experience. We hypothesize physicians
who have been in practice longer are less likely to have received education in chronic disease genomics
or pharmacogenetics during their medical school training in comparison with recent graduates.
In recent years, genomics education has been increasingly incorporated into medical and other health
professional curricula [43,44]. However, the inclusion of genomics content in formal medical training
does not always correlate with physicians’ preparedness to adopt genetics in practice, as shown in
the Hauser et al. study of physicians treating African-American patients tested for APOL1 variants to
predict their risk of chronic kidney disease [35]. Authors of this study recommended that processes
that will facilitate genetic testing, the return of results, clinical decision support tools to aid physicians,
as well as additional training may be needed to build physician confidence to adopt genetic testing in
practice. On the contrary, previous reports have shown that physicians with more years in practice were
more likely to have encountered at least one patient with genetic testing and, accordingly, were more
comfortable discussing the benefits and limitations of genetic testing with their patients [23,42,45,46].
In these other studies, recent graduates reported a lack of both knowledge and comfort in implementing
genomic medicine [42,45,47]. Several papers postulate that findings such as these may actually be
driven by an increased awareness and understanding of knowledge limitations in recent graduates
when compared with more senior physicians, which leads to relatively less comfort with integrating
genetics into medicine [45,47].
Although our findings on the clinical usefulness of genomic medicine are comparable to other
studies [28,30], the results may not be generalizable to all health care providers, such as medical
residents, nurse practitioners, pharmacists, and physician assistants, because responses from these
providers were excluded from our analysis as a result of low sample sizes. Other limitations of the
present study include the low number of common survey items from all five sites which, in turn,
limits our insights into the attitudes and perceptions of physicians towards genomic medicine
implementation programs and the use of subjective rather than objective assessments to assess
knowledge and genomic medicine preparedness. Moreover, clinical utility of APOL1 testing for
chronic kidney disease risk in African ancestry patients may differ from using genetic testing to
diagnosis monogenic diabetes and, as such, may limit the interpretation of the results of this study.
6. Conclusions
The results of this study, which suggest that physicians in sites offering pharmacogenetic testing
were more favorable to clinical implementation of genomic medicine versus those at the chronic
disease genetics sites, is novel and warrants further research. Perhaps, the strides and lessons learned
from pharmacogenetics clinical advancements in the last decade, such as clinical decision support
tools, among others, can be used as a template for other genomic medicine examples to enhance
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provider uptake and program successes [48–50]. Moreover, the clinical course of action needed in
the chronic disease genetics examples may not be as clear as that of the pharmacogenetics examples.
The former can lead to complex clinical decisions and, to date, genetics-guided clinical guideline
for chronic kidney disease does not yet exist. There are guidelines emerging from the International
Society for Pediatric and Adolescent Diabetes and the American Diabetes Association for monogenic
diabetes [4,51], but applying these guidelines is less straightforward than recommendations from the
Clinical Pharmacogenomics Implementation Consortium (CPIC) [52]. The majority of physicians in
our sample believe that genetics is a viable clinical tool and yet are unable to tap into this rich resource
due to their perceived lack of adequate knowledge, skills, and supporting resources for practicing
physicians. It is important to uncover and address barriers vital to the successful clinical adoption
of genomic medicine. The implementation of interactive and practice-based educational initiatives
targeting practicing physicians, which is supplemented by easily accessible supporting materials and
clinical decision support tools, may be the direction that clinical genetics implementation programs
need to take to ensure physician buy-in and practice adoption.
Author Contributions: All authors made substantial contributions to the conception and design of the study
(A.O.O., K.D.L., A.R.E., K.W.W., C.R.H.), data acquisition, analysis, and interpretation of data (A.O.O., K.F., K.D.L.,
A.R.E., T.I.P., A.H.R., K.W.W., C.R.H.), drafted the manuscript (A.O.O., K.D.L., C.R.H.), revised the manuscript
(all), and approved the final version for submission (all).
Funding: This study is supported by National Human Genome Research Institute or the National Institutes
of Health (NHGRI) (5U01HG007278, U01HG006380, 5U01HG007762, U01HG007775, U01HG007269 and
U01HG07253) and National Center for Advancing Translational Sciences (NCATS) (UL1TR000067). AOO is
also supported by National Institutes of Health (NIH) National Human Genome Research Institute (NHGRI)
3U01HG008701-02S1 (eMERGE-PGx). The content is solely the responsibility of the authors and does not
necessarily represent the official views of the NCATS, NHGRI, or the National Institutes of Health (NIH).
Acknowledgments: The authors would like to thank the physicians who participated in this study as well as
colleagues in the IGNITE Network for their valuable contributions to this project.
Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.
References
1. McCarthy, J.J.; McLeod, H.L.; Ginsburg, G.S. Genomic medicine: A decade of successes, challenges,
and opportunities. Sci. Transl. Med. 2013, 5, 189sr184. [CrossRef] [PubMed]
2. Kotze, M.J.; Luckhoff, H.K.; Peeters, A.V.; Baatjes, K.; Schoeman, M.; van der Merwe, L.; Grant, K.A.;
Fisher, L.R.; van der Merwe, N.; Pretorius, J.; et al. Genomic medicine and risk prediction across the disease
spectrum. Crit. Rev. Clin. Lab. Sci. 2015, 52, 120–137. [CrossRef] [PubMed]
3. Chang, E.H.; Zabner, J. Precision genomic medicine in cystic fibrosis. Clin. Transl. Sci. 2015, 8, 606–610.
[CrossRef] [PubMed]
4. Rubio-Cabezas, O.; Hattersley, A.T.; Njolstad, P.R.; Mlynarski, W.; Ellard, S.; White, N.; Chi, D.V.; Craig, M.E.
ISPAD Clinical Practice Consensus Guidelines 2014. The diagnosis and management of monogenic diabetes
in children and adolescents. Pediatr. Diabetes 2014, 15, 47–64. [CrossRef] [PubMed]
5. Zanger, U.M. Pharmacogenetics—Challenges and opportunities ahead. Front. Pharmacol. 2010, 1, 112.
[CrossRef] [PubMed]
6. Caudle, K.E.; Klein, T.E.; Hoffman, J.M.; Muller, D.J.; Whirl-Carrillo, M.; Gong, L.; McDonagh, E.M.;
Sangkuhl, K.; Thorn, C.F.; Schwab, M.; et al. Incorporation of pharmacogenomics into routine clinical
practice: The Clinical Pharmacogenetics Implementation Consortium (CPIC) guideline development process.
Curr. Drug Metab. 2014, 15, 209–217. [CrossRef] [PubMed]
7. Swen, J.J.; Nijenhuis, M.; de Boer, A.; Grandia, L.; Maitland-van der Zee, A.H.; Mulder, H.; Rongen, G.A.;
van Schaik, R.H.; Schalekamp, T.; Touw, D.J.; et al. Pharmacogenetics: From bench to byte—An update of
guidelines. Clin. Pharmacol. Ther. 2011, 89, 662–673. [CrossRef] [PubMed]
J. Pers. Med. 2018, 8, 24 11 of 13
8. Khanna, D.; Fitzgerald, J.D.; Khanna, P.P.; Bae, S.; Singh, M.K.; Neogi, T.; Pillinger, M.H.; Merill, J.; Lee, S.;
Prakash, S.; et al. 2012 American College of Rheumatology guidelines for management of gout. Part 1:
Systematic nonpharmacologic and pharmacologic therapeutic approaches to hyperuricemia. Arthritis
Care Res. 2012, 64, 1431–1446. [CrossRef] [PubMed]
9. Amstutz, U.; Shear, N.H.; Rieder, M.J.; Hwang, S.; Fung, V.; Nakamura, H.; Connolly, M.B.; Ito, S.;
Carleton, B.C. Recommendations for HLA-B*15:02 and HLA-A*31:01 genetic testing to reduce the risk
of carbamazepine-induced hypersensitivity reactions. Epilepsia 2014, 55, 496–506. [CrossRef] [PubMed]
10. Lee, J.W.; Pussegoda, K.; Rassekh, S.R.; Monzon, J.G.; Liu, G.; Hwang, S.; Bhavsar, A.P.; Pritchard, S.;
Ross, C.J.; Amstutz, U.; et al. Clinical practice recommendations for the management and prevention
of cisplatin-induced hearing loss using pharmacogenetic markers. Ther. Drug Monit. 2016, 38, 423–431.
[CrossRef] [PubMed]
11. Madadi, P.; Amstutz, U.; Rieder, M.; Ito, S.; Fung, V.; Hwang, S.; Turgeon, J.; Michaud, V.; Koren, G.;
Carleton, B.C. Clinical practice guideline: CYP2D6 genotyping for safe and efficacious codeine therapy.
J. Popul. Ther. Clin. Pharmacol. 2013, 20, e369–e396. [PubMed]
12. Etienne-Grimaldi, M.C.; Boyer, J.C.; Thomas, F.; Quaranta, S.; Picard, N.; Loriot, M.A.; Narjoz, C.; Poncet, D.;
Gagnieu, M.C.; Ged, C.; et al. UGT1A1 genotype and irinotecan therapy: General review and implementation
in routine practice. Fundam. Clin. Pharmacol. 2015, 29, 219–237. [CrossRef] [PubMed]
13. Klein, M.E.; Parvez, M.M.; Shin, J.G. Clinical implementation of pharmacogenomics for personalized
precision medicine: Barriers and solutions. J. Pharm. Sci. 2017, 106, 2368–2379. [CrossRef] [PubMed]
14. U.S. Department of Labor Bureau of Labor Statistics. Occupational Outlook Handbook; U.S. Bureau of Labor
Statistics: Washington, DC, USA, 2017. Available online: https://www.bls.gov/ooh/healthcare/genetic-
counselors.htm (accessed on 16 November 2017).
15. Number of ABMGG Certified Specialists in Medical Genetics and Genomics; American Board of Medical Genetics
and Genomics: Bethesda, MD, USA, 2016.
16. Mikat-Stevens, N.A.; Larson, I.A.; Tarini, B.A. Primary-care providers’ perceived barriers to integration of
genetics services: A systematic review of the literature. Genet. Med. 2015, 17, 169–176. [CrossRef] [PubMed]
17. Weitzel, K.W.; Alexander, M.; Bernhardt, B.A.; Calman, N.; Carey, D.J.; Cavallari, L.H.; Field, J.R.; Hauser, D.;
Junkins, H.A.; Levin, P.A.; et al. The IGNITE network: A model for genomic medicine implementation and
research. BMC Med. Genomics 2016, 9, 1. [CrossRef] [PubMed]
18. Damschroder, L.J.; Aron, D.C.; Keith, R.E.; Kirsh, S.R.; Alexander, J.A.; Lowery, J.C. Fostering implementation
of health services research findings into practice: A consolidated framework for advancing implementation
science. Implement. Sci. 2009, 4, 50. [CrossRef] [PubMed]
19. Keith, R.E.; Crosson, J.C.; O’Malley, A.S.; Cromp, D.; Taylor, E.F. Using the Consolidated Framework for
Implementation Research (CFIR) to produce actionable findings: A rapid-cycle evaluation approach to
improving implementation. Implement. Sci. 2017, 12, 15. [CrossRef] [PubMed]
20. Carere, D.A.; Kraft, P.; Kaphingst, K.A.; Roberts, J.S.; Green, R.C. Consumers report lower confidence in their
genetics knowledge following direct-to-consumer personal genomic testing. Genet. Med. 2016, 18, 65–72.
[CrossRef] [PubMed]
21. Haga, S.B.; Burke, W.; Ginsburg, G.S.; Mills, R.; Agans, R. Primary care physicians’ knowledge of and
experience with pharmacogenetic testing. Clin. Genet. 2012, 82, 388–394. [CrossRef] [PubMed]
22. Tuteja, S.; Haynes, K.; Zayac, C.; Sprague, J.E.; Bernhardt, B.; Pyeritz, R. Community pharmacists’ attitudes
towards clinical utility and ethical implications of pharmacogenetic testing. Pers. Med. 2013, 10, 793–800.
[CrossRef] [PubMed]
23. Powell, K.P.; Cogswell, W.A.; Christianson, C.A.; Dave, G.; Verma, A.; Eubanks, S.; Henrich, V.C. Primary
care physicians’ awareness, experience and opinions of direct-to-consumer genetic testing. J. Genet. Couns.
2012, 21, 113–126. [CrossRef] [PubMed]
24. McCarty, C.A.; Chisholm, R.L.; Chute, C.G.; Kullo, I.J.; Jarvik, G.P.; Larson, E.B.; Li, R.; Masys, D.R.;
Ritchie, M.D.; Roden, D.M.; et al. The emerge network: A consortium of biorepositories linked to electronic
medical records data for conducting genomic studies. BMC Med. Genom. 2011, 4, 13. [CrossRef] [PubMed]
25. Green, R.C.; Goddard, K.A.B.; Jarvik, G.P.; Amendola, L.M.; Appelbaum, P.S.; Berg, J.S.; Bernhardt, B.A.;
Biesecker, L.G.; Biswas, S.; Blout, C.L.; et al. Clinical sequencing exploratory research consortium:
Accelerating evidence-based practice of genomic medicine. Am. J. Hum. Genet. 2016, 98, 1051–1066.
[CrossRef] [PubMed]
J. Pers. Med. 2018, 8, 24 12 of 13
26. Rasmussen, L.V.; Overby, C.L.; Connolly, J.; Chute, C.G.; Denny, J.C.; Freimuth, R.; Hartzler, A.L.; Holm, I.A.;
Manzi, S.; Pathak, J.; et al. Practical considerations for implementing genomic information resources.
Experiences from eMERGE and CSER. Appl. Clin. Inform. 2016, 7, 870–882. [PubMed]
27. Hartzler, A.; McCarty, C.A.; Rasmussen, L.V.; Williams, M.S.; Brilliant, M.; Bowton, E.A.; Clayton, E.W.;
Faucett, W.A.; Ferryman, K.; Field, J.R.; et al. Stakeholder engagement: A key component of integrating
genomic information into electronic health records. Genet. Med. 2013, 15, 792–801. [CrossRef] [PubMed]
28. Menasha, J.D.; Schechter, C.; Willner, J. Genetic testing: A physician’s perspective. Mt. Sinai J. Med. N. Y.
2000, 67, 144–151.
29. Hunter, A.; Wright, P.; Cappelli, M.; Kasaboski, A.; Surh, L. Physician knowledge and attitudes towards
molecular genetic (DNA) testing of their patients. Clin. Genet. 1998, 53, 447–455. [CrossRef] [PubMed]
30. Freedman, A.N.; Wideroff, L.; Olson, L.; Davis, W.; Klabunde, C.; Srinath, K.P.; Reeve, B.B.; Croyle, R.T.;
Ballard-Barbash, R. US physicians’ attitudes toward genetic testing for cancer susceptibility. Am. J. Med.
Genet. A 2003, 120A, 63–71. [CrossRef] [PubMed]
31. De Denus, S.; Letarte, N.; Hurlimann, T.; Lambert, J.P.; Lavoie, A.; Robb, L.; Sheehan, N.L.; Turgeon, J.;
Vadnais, B. An evaluation of pharmacists’ expectations towards pharmacogenomics. Pharmacogenomics 2013,
14, 165–175. [CrossRef] [PubMed]
32. McGrath, S.; Ghersi, D. Building towards precision medicine: Empowering medical professionals for the
next revolution. BMC Med. Genom. 2016, 9, 23. [CrossRef] [PubMed]
33. Thurston, V.C.; Wales, P.S.; Bell, M.A.; Torbeck, L.; Brokaw, J.J. The current status of medical genetics
instruction in US and Canadian medical schools. Acad. Med. 2007, 82, 441–445. [CrossRef] [PubMed]
34. Levy, S. This Is Not Your Grandmother’s Med School’s Genetics Course. Available online: https://www.
clinicalomics.com/articles/this-is-not-your-grandmother-s-med-school-s-genetics-course/341 (accessed
on 23 July 2018).
35. Hauser, D.; Obeng, A.O.; Fei, K.; Ramos, M.A.; Horowitz, C.R. Views of primary care providers on testing
diverse patients for genomic risks for common, chronic diseases. Health Aff. 2018, 37, 793–800. [CrossRef]
[PubMed]
36. Voora, D. Predicting the Era of Personalized Medicine. 2014. Available online: http://stm.sciencemag.org/
content/6/222/222ec26 (accessed on 23 July 2018).
37. Madadi, P.; Joly, Y.; Avard, D.; Chitayat, D.C.; Smith, M.A.; Ross, C.J.; Carleton, B.C.; Hayden, M.R.; Koren, G.
Communicating pharmacogenetic research results to breastfeeding mothers taking codeine: A pilot study of
perceptions and benefits. Clin. Pharmacol. Ther. 2010, 88, 792–795. [CrossRef] [PubMed]
38. Food and Drug Administration. Table of Pharmacogenomic Biomarkers in Drug Labeling. 2018. Available
online: https://www.fda.gov/Drugs/ScienceResearch/ucm572698.htm (accessed on 1 March 2018).
39. Whirl-Carrillo, M.; McDonagh, E.M.; Hebert, J.M.; Gong, L.; Sangkuhl, K.; Thorn, C.F.; Altman, R.B.;
Klein, T.E. Pharmacogenomics knowledge for personalized medicine. Clin. Pharmacol. Ther. 2012, 92,
414–417. [CrossRef] [PubMed]
40. Rasmussen-Torvik, L.J.; Stallings, S.C.; Gordon, A.S.; Almoguera, B.; Basford, M.A.; Bielinski, S.J.;
Brautbar, A.; Brilliant, M.H.; Carrell, D.S.; Connolly, J.J.; et al. Design and anticipated outcomes of the
eMERGE-PGx project: A multicenter pilot for preemptive pharmacogenomics in electronic health record
systems. Clin. Pharmacol. Ther. 2014, 96, 482–489. [CrossRef] [PubMed]
41. IGNITE—Implementing Genomics in Practice. 2018. Available online: https://ignite-genomics.org/
(accessed on 3 April 2018).
42. Selkirk, C.G.; Weissman, S.M.; Anderson, A.; Hulick, P.J. Physicians’ preparedness for integration of genomic
and pharmacogenetic testing into practice within a major healthcare system. Genet. Test. Mol. Biomarkers
2013, 17, 219–225. [CrossRef] [PubMed]
43. Wiener, C.M.; Thomas, P.A.; Goodspeed, E.; Valle, D.; Nichols, D.G. “Genes to society”—The logic and
process of the new curriculum for the johns hopkins university school of medicine. Acad. Med. 2010, 85,
498–506. [CrossRef] [PubMed]
44. Robinson, D.M.; Fong, C.T. Genetics in medical school curriculum: A look at the University of Rochester
School of Medicine and Dentistry. J. Zhejiang Univ. Sci. B 2008, 9, 10–15. [CrossRef] [PubMed]
45. Wilkins-Haug, L.; Erickson, K.; Hill, L.; Power, M.; Holzman, G.B.; Schulkin, J. Obstetrician-gynecologists’
opinions and attitudes on the role of genetics in women’s health. J. Womens Health Gend. Based Med. 2000, 9,
873–879. [CrossRef] [PubMed]
J. Pers. Med. 2018, 8, 24 13 of 13
46. Wilkins-Haug, L.; Hill, L.D.; Power, M.L.; Holzman, G.B.; Schulkin, J. Gynecologists’ training, knowledge,
and experiences in genetics: A survey. Obstet. Gynecol. 2000, 95, 421–424. [CrossRef]
47. Houwink, E.J.; van Luijk, S.J.; Henneman, L.; van der Vleuten, C.; Jan Dinant, G.; Cornel, M.C. Genetic
educational needs and the role of genetics in primary care: A focus group study with multiple perspectives.
BMC Fam. Pract. 2011, 12, 5. [CrossRef] [PubMed]
48. Rosenman, M.B.; Decker, B.; Levy, K.D.; Holmes, A.M.; Pratt, V.M.; Eadon, M.T. Lessons learned when
introducing pharmacogenomic panel testing into clinical practice. Value Health 2017, 20, 54–59. [CrossRef]
[PubMed]
49. Moyer, A.M.; Caraballo, P.J. The challenges of implementing pharmacogenomic testing in the clinic.
Expert Rev. Pharmacoecon. Outcomes Res. 2017, 17, 567–577. [CrossRef] [PubMed]
50. Weitzel, K.W.; Elsey, A.R.; Langaee, T.Y.; Burkley, B.; Nessl, D.R.; Obeng, A.O.; Staley, B.J.; Dong, H.J.;
Allan, R.W.; Liu, J.F.; et al. Clinical pharmacogenetics implementation: Approaches, successes, and challenges.
Am. J. Med. Genet. C Semin. Med. Genet. 2014, 166C, 56–67. [CrossRef] [PubMed]
51. American Diabetes Association. 2. Classification and diagnosis of diabetes: Standards of medical care in
diabetes—2018. Diabetes Care 2018, 41, S13–S27.
52. Relling, M.V.; Klein, T.E. CPIC: Clinical pharmacogenetics implementation consortium of the pharmacogenomics
research network. Clin. Pharmacol. Ther. 2011, 89, 464–467. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
